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A Quasi-single Mode Optical Fiber for Long-Haul

Transmission in Severe Bending Environments
Neil Kamikawa, Member, IEEE, and Ching-Ten Chang, Member, IEEE

Abh -We investigated the feasibility of a quad-single mode
optical fiber for low bending loies in long-haul transmission at
1550 nm. The advantage of a quasi-single mode fiber Is that for
comparable bending loeses the relative Index difference, A, can .

be smaller than the A in a single-mode fiber. We demonstrated 14?.
that a quad-single mode fiber with A = 0.72% and single-mode
cutoff wavelength, Ac , equal to 1630 an exhibits bending losses
as low as the lomes in a single-mode fiber with A = 0.93% and _o6
Xý = 1259 urm. Modal noise and modal dispersion effects in the I
quad-single mode fiber also were tested and found to be minimal . .•
This lette describes the matched-dad, quasi-single mode fiber m

and presents the test results.

I. INTRODUCTION
0oa .00

W E INVESTIGATED techniques to reduce both bending
losses and spectral attenuation in an optical fiber to in- Fig. I. Measured bending losses at 1550 nm.

crease transmission distances at 1550 un in applications where
the fiber is severely bent with bending radii of several mm. which show that mode coupling is small and that the LP1
Our approach is to combine a pure-silica core fiber for spectral mode is barely guided.
attenuation reduction with quasi-single mode operation for This letter describes the matched-clad, quasi-single mode
bending loss reduction. We achieved an intermediate goal in fiber and discusses the results of bending, guided-wave phase-

which a quasi-single mode fiber was realized in a matched- iber and s pecral attendin testse

clad design to study bending loss, modal noise, and modal index, modal noise, and spectral attenuation tests.

dispersion. The matched-clad, quasi-single mode fiber with
A = 0.72% and Ac 1630 nm exhibits low bending losses II. FIBER DESCRIPTION
that are comparable to a single-mode fiber with A = 0.93% The performance goal for the matched-clad, quasi-single
and Ac = 1259 nm, but the smaller A in the quasi-single mode mode fiber was to achieve very low bending losses similar
fiber permits the future fabrication of the quasi-single mode to bending losses in a high-A, single-mode fiber [21. 131
specification in a depressed-clad, pure-silica core design. The described in Table I. Further, the quasi-single mode fiber
largest A reported in a pure-silica core fiber is 0.73% [1). should have a A < 0.73%, the largest A reported for a

The high Ac in the quasi-single mode fiber has the sameThe ighA~ n th qusi-ingl moe fber as he ame pure-silica core fiber [ 1], to allow future implementation of
effect in reducing bending losses as the high A in the single- the fiber in a pure-silica core design. The quasi-single mode

mode fiber. This is demonstrated in bending tests and is fiber in a ble core des e quingle mode

in agreement with measured guided-wave phase indexes and fiber descrbed in Table I meets these requirements. The fiber's

refractive-index profiles. With \, of 1630 run > 1550 nm, both measured bending losses are nearly equal to that in the high-A

the LPo1 and LP11 modes may ,propagate and may penalize fiber, as shown in Fig. 1, and its A is 0.72%.

the transmission link via modal noise and multimode modal The nearly equal bending losses can be explained using a

dispersion. We found that at 200 MBIsec the modal noise single-mode step-index model with core radius, a, core index,

penalty is < 0.3 dB, and determined that there is no modal ni, and cladding index, n2 . The propagation constant of the

dispersion since the spectral attenuation of the LP1 1 mode is guided optical wave is constrained by n2 k < nk <_ nik,

about three orders of magnitude greater than the attenuation of where k = 27r/\, the free-space propagation constant, and

the LP01 mode at 1550 nm. The small modal effects also are n is the guided-wave phase index. In a bend of radius
I?, the LP01 mode field amplitude-loss coefficient, a, in

consistent with our guided-wave phase-index measurements R h P1md il mltd-oscefcet ,i
Nepers/mm is given in [41 and its corresponding optical power-

Manuscript received November 16, 1993. loss coefficient ac(= 8.68a) in dB/mm is
Naval Command, Control and Ocean Surveillance Center, Research. De-

velopment. Test & Evaluation Division, Box 250. Pearl Harbor. Hawaii
96860W5290. 8.68 /wk (na - n 2 )exp[-2(n 2 - n2) 3 / 2kR/3n 2 l

San Diego State University. Department of Electrical and Computer Engi- (Ic - -4 V1 (n1 -,,!)3/2(ka )2 1(72
neering. San Diego, CA 92182-0190. 4k a V6_,2 - 2

IEEE Log Number 9216586. (I)
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(a) quasi-single mode fiber (b) high-A fiber

Fig. 2. Refractive-index profile n(r). near field, and calculated (solid horizontal line) and measured (dashed horizontal line) phase index n at 1550
rum. (a) quasi-single mode fiber. (b) high-A fiber.

TABLE I
Fre, S +.cATIOs

Fiber XC nin2 woo W0 U1orLY..Po, n for LPoa a for LPa1
(m red) (calculated) (mesmd)

mun % ,pm Jm
Quasi 1630 1.4692 1.4587 0.72 3.97 3.96 1.4640 1.4646 1.4590

-single mode
High A 1259 1.4721 1.4585 0.93 4.01 3.53 1.4637 1.4640

Telco 1154 1.4635 01.4585 0.36 6.40 5.39 1.4605 1.4602
k• is the cutoff wavelength, n, is the core index, n2 is the cladding index, A equals (nl-n 2Yn2. woo is the cladding-field decay constant, wo is the

rms mode-field radius, and a is the guided-wave phase index.

where K1 is the modified Hankel function of first order. The values are approximately the same for the quasi-single mode
guided-wave phase index, n, in (1) can be obtained by solving fiber and the high-A fiber. The strong optical confinement in
the characteristic equation [5], [6] or by measuring the near the former fiber is due to longer Ac (or larger core diameter)
and far fields [7]. According to (1), the theoretical bending as shown in Fig. 2(a), while the strong optical confinement in
losses in both the quasi-single mode fiber and high-A fiber the latter fiber is due to the large A as shown in Fig. 2(b).
are about 1.5 dB/mm for a 2-mm radius bend. Our estimations of n are believed to be reliable since

measured and calculated n are nearly the same in each fiber, as
shown in Fig. 2 and Table I. The measured n is based upon the

III. TEST RESULTS AND DISCUSSION near-field measurement to estimate the LP01 mode phase index
As shown in Fig. 1, the measured bending losses in the as n Iz, + nz. Here, Petermann's cladding-field

quasi-single mode fiber at 1550 nm are comparable to losses in decay constant, woo [7], is obtained by fitting the expression
the high-A fiber and are much less than losses in a typical telco E(r) oc (A exp( -2- ) to the measured near field in the
fiber that was tested for comparison. The measured loss in the W '0i
quasi-single mode fiber at R = 2.0 mm is 0.15 dB/mm but (1) Hankel transformation of the far fields measured at 1550 nrm.

predicts a loss of 1.5 dB/mm, assuming a step-index profile. Fig. 3 shows the measured and fitted near fields. The calculated

The lower measured loss can be explained by the non-step ig i seon the expres n f n fed + caluwher

refractive index profile with the small central index depression n is based upon the expression n = /b(n, - n2) + n2, where

[8], as shown in Fig. 2. Small radius bends cause the peak of b is the normalized propagation constant. By measuring A, the
normalized frequency V = 2.405(--x) is estimated and used

the near field to shift outward from the central index depression A
toward the off-center index maximum at the core-clad inter- to obtain b by solving the LPo1 mode characteristic equation
face. The off-center index maximum reduces the degradation [5], [6].
of the mode confinement caused by the bend, which reduces The Asc were measured using the multimode reference
the bending loss to less than that predicted by (1). technique and the refractive indexes were measured with the

For a given R and k, the LP01 mode bending loss is mainly refractive near-field method. The root-mean-square mode-field
determined by the exponential term and the Hankel function radii, wo, also were measured as shown in Table 1. It is
term in (1). These two terms in turn depend on n n2 which interesting to note that the high-A fiber exhibits a smaller wO

is proportional to n - n2 for the weakly-guided fibers in Table but the bending losses in the both fibers are similar, suggesting
I. A larger n - n2 indicates stronger optical confinement and that wo is not a good predictor of bending losses in fibers of
reduces bending losses. Our experimentally derived n - n2 dissimilar refractive-index profiles.
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The spectral attenuation of the modes at 1550 nm were
measured using a cutback technique [9] to indirectly evaluate
modal dispersion since long lengths of the quasi-single mode
"fiber were not available for direct dispersion measurements.
The LP 11 mode exhibited an attenuation three orders of mag-
nitude greater than the attenuation of 0.3 dB/km for the LP0o
mode to preclude modal dispersion. The very high attenuation
in the LP11 mode is consistent with the n measurement. Fig.
2(a) shows that n for the LP1 1 mode is very close to n 2

indicating that the mode is barely guided.

." I , IV. SUMMARY

Fig. 3. Measured near fields at 1550 arn (solid line) and curve fit to near Bending loss, modal noise, and spectral attenuation tests
field in cladding (dashed line). supported by guided-wave phase-index measurements show

that quasi-single mode fibers are feasible for reduced bending
losses in long-haul transmission in severe bending environ-
ments. Reducing bending loss by increasing the core radius to
increase optical confinement of the guided wave in a quasi-
single mode fiber is coiparable to increasing the relative
index difference in a high-A fiber. The feasibility of a quasi-

W single mode fiber for low bending loss at 1550 nm has been
I 'o' established, with a potential for implementation in a depressed
I cladding and pure-silica core to minimize Rayleigh-scattering

loss.
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